We report magnetic susceptibility χ, isothermal magnetization M , heat capacity Cp and electrical resistivity ρ measurements on undoped EuMn2As2 and K-doped Eu0.96K0.04Mn2As2 and Eu0.93K0.07Mn2As2 single crystals with the trigonal CaAl2Si2-type structure as a function of temperature T and magnetic field H. EuMn2As2 has an insulating ground state with an activation energy of 52 meV and exhibits antiferromagnetic (AFM) ordering of the Eu +2 spins S = 7/2 at TN1 = 15 K from Cp(T ) and χ(T ) data with a likely spin-reorientation transition at TN2 = 5.0 K. The Mn +2 3d 5 spins-5/2 exhibit AFM ordering at TN = 142 K from all three types of measurements. The M (H) isotherm and χ(T ) data indicate that the Eu AFM structure is both noncollinear and noncoplanar. The AFM structure of the Mn spins is also unclear. A 4% substitution of K for Eu in Eu0.96K0.04Mn2As2 is sufficient to induce a metallic ground state. Evidence is found for a difference in the AFM structure of the Eu moments in the metallic crystals from that of undoped EuMn2As2 versus both T and H. For metallic Eu0.96K0.04Mn2As2 and Eu0.93K0.07Mn2As2, an anomalous Sshape T dependence of ρ related to the Mn magnetism is found. Upon cooling from 200 K, ρ exhibits a strong negative curvature, reaches maximum positive slope at the Mn TN ≈ 150 K, and then continues to decrease but more slowly below TN. This suggests that dynamic short-range AFM order of the Mn spins above the Mn TN strongly suppresses the resistivity, contrary to the conventional decrease of ρ that is only observed upon cooling below TN of an antiferromagnet.
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I. INTRODUCTION
The Eu-based 122 pnictides such as EuFe 2 As 2 , which present a potential avenue for investigations of the interplay and coexistence of long-range magnetic order and superconductivity, have recently attracted considerable attention in the ongoing research activities on high-T c pnictide superconductors [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] . The substitutions at Eu, Fe or As sites as well as the application of pressure have been found to suppress the antiferromagnetic (AFM) spin-density-wave transition of the parent EuFe 2 As 2 leading to superconductivity which coexists with the ordered Eu +2 moments. Recent neutron diffraction studies [20] [21] [22] [23] of the magnetic structure of Co-doped, Ir-doped and P-doped EuFe 2 As 2 reveal ferromagnetically (FM) ordered Eu moments with the moments oriented along the c axis coexisting with the superconductivity.
Continuing our work on 122-type pnictides in the search for novel properties and ground states [24] [25] [26] [27] [28] [29] [30] [31] , here we report a comprehensive investigation of the physical properties of EuMn 2 As 2 which crystallizes in the trigonal CaAl 2 Si 2 -type structure (space group P3m1) [32] . This structure is quite different from the common body-centered tetragonal ThCr 2 Si 2 -type structure of 122 compounds [33] . The formation of the * Electronic address: vivekkranand@gmail.com † Electronic address: johnston@ameslab.gov CaAl 2 Si 2 -type AB 2 X 2 materials is restricted by a specific condition: the transition metals at the B-site must have a filled or half-filled d electronic configuration ( [33] [34] [35] . In a ThCr 2 Si 2 -type structure the B site can be occupied by a variety of transition metals without any restrictions on the number of d electrons. The CaAl 2 Si 2 -structure compounds AZn 2 Sb 2 (A = Sr, Ca, Yb, Eu) exhibit small band gaps with high carrier mobilities and low lattice thermal conductivities and hence have a high thermoelectric efficiency which identifies them as potentially useful thermoelectric materials [36] [37] [38] .
The magnetic and transport properties of several CaAl 2 Si 2 -type AB 2 X 2 compounds with A = Eu have been reported. EuZn 2 Sb 2 is an intrinsic semiconductor, exhibits Eu AFM ordering with a Néel temperature T N ≈ 13 K and is a potential thermoelectric material [37] [38] [39] [40] [41] . AFM EuCd 2 Sb 2 (T N = 7.4 K) has a semimetallic or metallic ground state [42, 43] . EuZn 2 As 2 also exhibits AFM ordering (T N = 16.5 K) and is semiconducting [43] . EuMn 2 P 2 is an AFM insulator with T N = 16.5 K [44] . EuMn 2 Sb 2 exhibits both Eu and Mn AFM ordering; the Eu spins order at about 9 K and the Mn spins order at ∼ 128 K [45, 46] . Mn moment ordering has also been observed in semiconducting CaMn 2 Sb 2 [47] and CaMn 2 Bi 2 [48] with T N = 85 K and 154 K, respectively.
Very recently the crystallography and physical properties of trigonal CaAl 2 Si 2 -type CaMn 2 As 2 and SrMn 2 As 2 single crystals have been investigated. Both compounds are AFM semiconductors with T N = 62 K and 120 K, respectively [49, 50] . A previous study of SrMn 2 As 2 single crystals found T N = 125 K [51] . The anisotropic magnetic susceptibility versus temperature χ(T ) data for both compounds indicate that the easy plane for AFM ordering of the Mn +2 spins S = 5/2 is the hexagonal ab plane [49] . Neutron diffraction measurements of SrMn 2 As 2 revealed that the Mn spins exhibit collinear AFM ordering in the ab plane with propagation vector k = (0, 0, 0), i.e., the AFM and chemical unit cells are the same [50] . The χ(T ) and neutron diffraction studies together indicate that the magnetism is quasi-twodimensional with strong AFM correlations surviving to at least 900 K.
Herein we report the crystallography and physical properties of trigonal CaAl 2 Si 2 -type EuMn 2 As 2 single crystals where both the Mn and Eu ions are magnetic. One expects the compound to contain Mn +2 ions with a 3d
5 electronic configuration and S = 5/2 and Eu +2 ions with a 4f
7 configuration and S = 7/2. Our χ(T ), isothermal magnetization M versus magnetic field H and heat capacity C p (T ) measurements reveal an AFM ground state in EuMn 2 As 2 . Two transitions at T N1 = 15.0 K and T N2 = 5.0 K are seen in χ(T ) measured in low H associated with the Eu spins, where the latter is likely a spin reorientation transition. On the other hand, the C p (T ) and χ(T ) measurements also show a transition at 142 K, which is attributed to AFM ordering of Mn moments since this T N is similar to the above T N = 120 K for trigonal SrMn 2 As 2 and the Sr +2 and Eu +2 ions have nearly the same radius. The electrical resistivity ρ(T ) data reveal an insulating ground state in EuMn 2 As 2 with an activation energy of 52 meV.
The physical properties of EuMn 2 As 2 are similar to those of BaMn 2 As 2 [52] ; however, the latter compound forms in the body-centered tetragonal ThCr 2 Si 2 -type structure. BaMn 2 As 2 is AFM below T N = 625 K where the Mn spins (S = 5/2) adopt a G-type (Néel-type) AFM structure (moments oriented along the c axis) with an insulating ground state [52] [53] [54] [55] . A small 1.6% substitution of K for Ba in BaMn 2 As 2 induces a metallic ground state [56] . In addition, higher K substitution results in ferromagnetism in Ba 1−x K x Mn 2 As 2 (x = 0.19, 0.26, 0.40) with half-metallic FM for x = 0.40 [57] [58] [59] and also for 60% Rb-doped crystals [60] .
In view of the interesting results arising from hole doping of K and Rb for Ba in BaMn 2 As 2 , we investigated and report here the effects of K substitution for Eu on the properties of EuMn 2 As 2 . We find metallic ground states in Eu 0.96 K 0.04 Mn 2 As 2 and Eu 0.93 K 0.07 Mn 2 As 2 single crystals. The K substitution also seems to affect the AFM structure. The experimental details are given in Sec. II followed by the crystallography results in Sec. III. Sections IV, V and VI are devoted to results and analyses on EuMn 2 As 2 , Eu 0.96 K 0.04 Mn 2 As 2 and Eu 0.93 K 0.07 Mn 2 As 2 , respectively, and a summary and discussion are given in Sec. VII.
II. EXPERIMENTAL DETAILS
Single crystals of EuMn 2 As 2 were grown using Sn flux. High-purity Eu (Ames Lab), and Mn (99.998%), As (99.99999%) and Sn (99.9999%) from Alfa Aesar, were taken in a Eu:Mn:As:Sn = 1:2:2:25 molar ratio and placed in an alumina crucible which was then sealed in an evacuated quartz tube. The crystal growth was carried by heating the tube to 1100
• C at a rate of 60
• C/h, held for 35 h for homogenization, followed by slow cooling at 2.5
• C/h to 800
• C at which temperature the crystals were removed from the flux by centrifuging. Shiny platelike crystals of typical size 2.5 × 2 × 0.6 mm 3 were obtained.
The single crystals of K-doped Eu 1−x K x Mn 2 As 2 were grown using self flux. Nominal mixtures Eu 1−x K x (x = 0.25, 0.5, 0.75) [K (99.95%), Alfa Aesar] and prereacted MnAs were taken in a 1:4 molar ratio which were placed in alumina crucibles and sealed in tantalum tubes which were then sealed in quartz tubes partially filled with argon (≈ 1/4 atm pressure). The doubly-sealed samples were heated to 1200
• C at 60
• C/h, held there for 25 h, heated to 1250
• C in 1 h, held there for 6 h and then cooled slowly at 2
• C/h to 1130
• C where the flux was decanted with a centrifuge. Shiny platelike crystals of typical size 2 × 1.5 × 0.5 mm 3 were obtained for nominal x = 0.25 and 0.5; however, no crystals were obtained for nominal x = 0.75 using this temperature profile. The masses of the crystals used for the χ(T ), M (H) and C p (T ) measurements were typically ∼ 7 mg.
The single-phase nature and quality of the crystals were checked by high resolution images using a JEOL scanning electron microscope (SEM). An energydispersive x-ray (EDX) analyzer attachment to the SEM was used to determine the chemical compositions of the crystals which yielded the molar ratio Eu:Mn:As = 1.00(1) : 2.00(2) : 2.00(2) for the Snflux grown EuMn 2 As 2 .
For the self-flux grown K-doped EuMn 2 As 2 crystals the average chemical compositions obtained from the EDX analyses were Eu 0.96(1) K 0.04(1) Mn 2 As 2 for nominal x = 0.25 and Eu 0.93(1) K 0.07(1) Mn 2 As 2 for nominal x = 0.5 melts. The crystal structure was checked by powder x-ray diffraction (XRD) on crushed single crystals using Cu K α radiation and a Rigaku Geigerflex x-ray diffractometer. The XRD data were analyzed by Rietveld refinement using the software FullProf [61] .
SrZn 2 As 2 is isotructural to EuMn 2 As 2 [62] . Crystals were grown using Sn flux with a nominal molar ratio SrZn 2 As 2 :Sn = 1:20. The crystal growth was carried out by heating at 60
• C/h to 1150 • C, holding there for 35 h, followed by slow-cooling to 790
• C over 120 h at 3
• C/h. Rietveld refinement of powder XRD measurements on crushed crystals gave lattice parameters a = 4.2202(1)Å and c = 7.2632(2)Å and atomic coordinates z As = 0.7317(4) and z Zn = 0.3704 (3) . The crystal data are in good agreement with [62] . Semiquantitative EDX analysis indicated the expected 1:2:2 stoichiomen- try apart from a small Sr deficiency (∼ 3%) and a trace amount (∼ 1.3 mol%) of Sn incorporated into the crystal structure. The M (T ) measurements at fixed H and M (H) isotherm measurements for H ≤ 5.5 T were performed using a Quantum Design, Inc., superconducting quantum interference device magnetic properties measurement system (MPMS). The high magnetic field M (H) isotherm measurements for H ≤ 14 T were performed using the vibrating sample magnetometer (VSM) option of a Quantum Design, Inc., physical properties measurement system (PPMS). The C p (T ) was measured by a relaxation method using the heat capacity option of the PPMS. For the undoped and K-doped EuMn 2 As 2 crystals, the additional noise in the C p data above 200 K is believed to be an experimental artifact. The ρ(T ) data were obtained by the standard four-probe ac technique using the the ac transport option of PPMS. The electrical leads to the EuMn 2 As 2 crystal were prepared by soldering 25 µm diameter Pt wire to the crystal whereas for Eu 1−x K x Mn 2 As 2 (x = 0.04, 0.07) crystals silver epoxy was used to attach the Pt-wire leads.
III. CRYSTALLOGRAPHY
The room-temperature powder XRD data collected on crushed crystals of EuMn 2 As 2 and Eu 0.93 K 0.07 Mn 2 As 2 are shown in Figs. 1(a) and 1(b), respectively. Rietveld refinements of the XRD patterns revealed the single-phase nature of the crystals and confirmed their CaAl 2 Si 2 -type trigonal structure (space group P3m1). The Rietveld refinement profiles are shown by solid lines in Fig. 1 . The weak unindexed peaks marked with stars in the patterns are extrinsic and arise from residual flux on the surface of the crystals. The crystallographic and refinement parameters are listed in Table I . The lattice parameters a and c are found to be in good agreement with the reported values [32] . Figure 2 (a) shows the CaAl 2 Si 2 -type trigonal structure of EuMn 2 As 2 in the hexagonal setting. As can be seen from Fig. 2(b −2 slab contains a corrugated Mn honeycomb lattice [63] . The Mn and As are both fourfold coordinated with different coordination environments. The Mn atoms are coordinated approximately tetrahedrally by four As atoms forming MnAs 4 tetrahedra (both up-and downpointing), and each As atom is surrounded umbrella-like by four Mn atoms forming an AsMn 4 unit with a flippedtetrahedron coordination [63, 64] . The structure can also be viewed as a slightly distorted hexagonal close packing of As atoms with Mn atoms occupying half the tetrahedral sites and Eu atoms occupying half the octahedral sites [64] . Thus the Eu atoms have a slightly distorted octahedral coordination with six nearest As neighbors forming EuAs 6 octahedra.
The CaAl 2 Si 2 structure, though different from the familiar ThCr 2 Si 2 structure, shares some common features with it. In both AB 2 X 2 structures, only one crystallographic site is occupied by each of the A, B and X atoms. Both structures can be generated by stacking of layers of A and [B 2 X 2 ] −2 slabs along the c direction. Both structures have BX 4 tetrahedra which are edge shared to form the [B 2 X 2 ] −2 slabs, however they have different arrangements in the two structures [33, 63] . In the ThCr 2 Si 2 structure BX 4 tetrahedra share four of their six edges whereas in the CaAl 2 Si 2 structure the BX 4 tetrahedra share only three edges. Furthermore, the [B 2 X 2 ] −2 networks are three-dimensional in the ThCr 2 Si 2 structure but two-dimensional in the CaAl 2 Si 2 structure. In the ThCr 2 Si 2 structure the B atoms form square-planar layers and are each coordinated by four other B atoms at 90
• , whereas in the CaAl 2 Si 2 structure the B atoms are coordinated by only three other B atoms at 90
• like the corner of a cube [65] .
IV. PHYSICAL PROPERTIES OF EuMn2As2
A. Magnetization and Magnetic Susceptibility
Magnetism of the Eu Spins
The χ ≡ M/H and χ −1 measured in H = 3.0 T for single-crystal EuMn 2 As 2 are shown for the T range 1.8 K ≤ T ≤ 300 K with H ⊥ c and H c in Figs. 3(a) and 3(b), respectively. The χ(T ) data for both spin directions reveal an AFM transition at T N1 = 15.0 K assigned to Eu +2 spins S = 7/2 as follows. In the paramagnetic (PM) state of the Eu spins at T > ∼ 50 K the χ(T ) data follow the modified Curie-Weiss behavior
where χ 0 is a T -independent contribution to χ, C is the Curie constant and θ p is the Weiss temperature. The fits of the χ −1 (T ) data over the T range 50 K ≤ T ≤ 300 K by Eq. (1) are shown as the red curves in Fig. 3 . The parameters χ 0 , C and θ p obtained from the fits are listed in Table II . The molar Curie constants are in agreement with the theoretical value of 7.88 µ B /Eu for free Eu
+2
ions with spin S = 7/2 and spectroscopic splitting factor g = 2. The Weiss temperatures θ p ≈ 8 K for both field directions suggest dominant FM interactions. The value of χ 0 for both field directions is comparable with the average χ ave ∼ 2.6 × 10 −3 cm 3 /mol from 1.8 to 900 K for SrMn 2 As 2 which exhibits AFM ordering of the Mn +2 spins S = 5/2 at T N = 120 K [49] . below T N1 . These results rule out collinear AFM ordering of the Eu spins along the c axis, because in that case χ c (T → 0) = 0 [66] , contrary to observation. For T > T N , the χ is also very anisotropic, with χ c < χ ab .
As seen from Figs. 4(b) and 4(c), with increasing H T N1 shifts to lower T ; e.g. at H = 3.0 T, T N1 = 15.0 K decreases to 9.5 K (χ ab ) and 13.0 K (χ c ), consistent with an AFM transition at T N1 . On the other hand, the T N2 which is observed in χ(T ) at H ≤ 0.1 T vanishes for H ≥ 0.5 T, which is not obvious from Figs Fig. 4 and T dependence of isothermal magnetization M (H) data in Fig. 6 for H applied (a) in the ab plane (H ⊥ c) and (b) along the c axis (H c). The solid curves are the fits to the data by H = H0(1 − T /TN) α . The data points at H = 0.05 T and T = 5 K are for the spin-reorientation transition seen in Fig. 4(a) . The stars correspond to the point obtained from M (H) measurements.
(M ab , H ⊥ c). Consistent with the AFM ground state inferred from the χ(T ) data above, the M (H) isotherms at 1.8 K do not show any hysteresis between increasing and decreasing cycles of H (not shown). It is seen from Figs. 5(a) and 5(b) at T = 1.8 and 5 K < T N1 = 15.0 K for H ⊥ c that the M (H) isotherms are almost linear in H until saturation is reached at the expected value µ sat = gSµ B /Eu = 7 µ B /Eu, whereas for H c the M (H) isotherms are initially linear in H for H < ∼ 4.0 T but then show a weak S-type feature near 5 T before reaching saturation. This anisotropy in the M (H) isotherms suggests that the c axis is the easy axis [66] . However, this interpretation conflicts with the data in Fig. 4 (a) which demonstrates that collinear AFM ordering of the Eu spins does not occur along the c axis . This inconsistency suggests that the AFM structure of the Eu spins in EuMn 2 As 2 is both noncollinear and noncoplanar.
A more detailed examination of the anisotropic M (H) behavior at T ≤ 20 K at high fields H ≤ 14 T is shown in Fig. 6 . The data in Fig. 6 (c) reveal that at 2.0 K the critical fields H c for saturation of M to µ sat for H ⊥ c and H c are 4.4 T and 5.6 T, respectively. Within the Weiss molecular field theory (MFT) [66] , this suggests that the c axis is the easy axis for AFM ordering of the Eu spins. This directly conflicts with the data in Fig. 4 that demonstrate that this is not correct. The H c decreases with increasing T as exemplified in Figs. 6(a) and 6(b). A break in slope of M (H) occurs at the critical field H c (T ) which is the field separating the AFM and PM states of the system. At higher fields the M (H) data exhibit negative curvature characteristic of the PM state at temperatures close to T N1 . This nonlinear behavior in the PM state becomes proportional with increasing T > T N1 as seen in T N = 142 K and the large critical field H c ∼ 25 T of the Mn spins at low T [49] , the Mn spins are likely still AFM ordered over the T and H range of Fig. 7 . It was inferred above that AFM structure of the Eu spins is noncollinear and also noncoplanar. One sees that the critical field for T → 0 in Fig. 7 is larger for H c than for H ⊥ c.
Magnetism of the Mn Spins
The χ(T ) data in Figs. 3 and 4 reveal AFM ordering of the Eu +2 spins at T N1 = 15.0 K, but no obvious anomaly is observed in χ(T ) that can be associated with ordering of the nominal Mn +2 spins S = 5/2. The main difficulty is that the magnetism at all temperatures is expected to be dominated by that of the Eu spins. However, the C p (T ) data presented below show a clear additional anomaly at 142 K. Furthermore, the data in Table III below show that Mn-containing CaAl 2 Si 2 -type AB 2 X 2 compounds exhibit Mn AFM ordering temperatures between 63 and 154 K. In particular, the compound SrMn 2 As 2 with nearly the same lattice parameters and unit cell volume as EuMn 2 As 2 , and containing Sr +2 with the same valence as Eu +2 , exhibits a Mn T N = 120(2) K [49] which is close in temperature to the feature in C p (T ) at 142 K for EuMn 2 As 2 .
Therefore we looked for irregularities in χ(T ) in the temperature range from 100 to 300 K. To do this in an unbiased manner, we assumed that the "background" susceptibility for both χ ab (T ) and χ c (T ) is given by Eq. (1) with the same parameters χ 0 = 3.7 × 10 −3 cm 3 /mol and θ p = 8 K obtained from the 50-300 K fits in Table II plot of (χ − χ 0 )(T − θ p ) versus T should be the constant value C. Shown in Fig. 8 are such plots for the two field directions in the 100-300 K temperature range. One sees a clear change in slope in the χ ab data on increasing T through 142 K, and a more subtle slope change in χ c (T ). Similar behaviors were observed for a SrMn 2 As 2 crystal on increasing T through its T N = 120 K in H = 3 T [49] . We therefore infer that the Mn spins in EuMn 2 As 2 exhibit AFM ordering below T N = 142 K. From the magnetization and χ data presented, the nature of the AFM structure of the ordered Mn moments below the Mn T N in EuMn 2 As 2 is unclear.
B. Heat Capacity
The C p (T ) data for an EuMn 2 As 2 crystal are shown in Fig. 9 together with those of a single crystal of the isostructural nonmagnetic reference compound SrZn 2 As 2 [62] . The C p (T ) of SrZn 2 As 2 was fitted by the Debye lattice heat capacity model [67] , yielding a Debye temperature Θ D = 267(2) K. The fit is shown as the blue curve in Fig. 9 .
Subtracting a spline fit of the C p (T ) of SrZn 2 As 2 from that of EuMn 2 As 2 yields the magnetic contribution C mag (T ) to C p (T ) of EuMn 2 As 2 as shown in Fig. 10(a) . The C mag (T ) shows a sharp λ-type anomaly at T N1 = 14.8 K consistent with the long-range AFM ordering of the Eu spins observed at 15.0 K in χ(T ) above. In addition, the high-T C mag (T ) data show a well-defined anomaly at 142 K, consistent with the anomaly found in the above χ(T ) data in Fig. 8 which we attribute to an AFM transition associated with the Mn spins. We do not see any thermal hysteresis across the 142 K anomaly between the warming and cooling cycles of C p (T ) measurements (not shown), consistent with a second-order phase transition. Similarly, a C p anomaly at 120 K in addition to the Eu AFM transition at T N ≈ 10 K was observed in EuMn 2 Sb 2 and attributed to AFM ordering of the Mn S = 5/2 spins [45] .
The dependence of C mag (T )/T on T is shown in Fig. 10(b) . After extrapolating the C mag (T ) data to T = 0 using a T 3 function, the magnetic contribution S mag (T ) to the entropy was calculated using S mag (T ) = T 0 [C mag (T )/T ]dT , and the result is shown in Fig. 10(c) . For the Eu ordering, S mag (T N ) = 13.5 J/mol K, which is 78% of the high-T limit R ln(2S + 1) = R ln(8) = 17.3 J/mol K. This reduction of 22% arises from dynamic short-range AFM ordering of the Eu spins existing at T N1 . The lost magnetic entropy is fully recovered by 40 K as shown in Fig. 10(c) . The S mag (T ) thus indicates a valence state Eu +2 with S = 7/2 in EuMn 2 As 2 as also deduced above from the χ(T ) data.
Taking the Mn spin to be S = 5/2, the high-T limit of the Mn spin entropy per mole of EuMn 2 As 2 is 2R ln(6) = 29.8 J/mol K. Thus the total high-T spin entropy is expected to be 47.1 J/mol K. The value at 300 K from Fig. 10(c) is only 32 J/mol K, so much of the magnetic entropy is still present as short-range AFM order of the Mn spins at that temperature. This result is consistent with the inference in [49] that strong short-range AFM order of the Mn spins in SrMn 2 As 2 is still present even at 900 K.
Shown in Fig. 11 is an expanded plot of C mag /T versus T for EuMn 2 As 2 . The plot more clearly shows the sharp λ peak at T N1 = 14.8 K and a bulge at T ∼ 5 K. Also shown is the MFT prediction for S = 7/2 [55] . The bulge is not associated with the Eu T N2 = 5.0 K seen in χ(T ) in Fig. 4(a) likely arising from an Eu spin reorientation transition. In particular, the bulge in the EuMn 2 As 2 data at ∼ 5 K is also present in the MFT prediction and is a natural consequence of the combined effects of the increase in the exchange field and the decrease in the excited Zeeman level populations with decreasing T . As pointed out in [55] , within MFT the bulge is necessary so that the magnetic entropy at T N increases with increasing spin S of the magnetic species.
C. Electrical Resistivity
The ab-plane ρ(T ) of an EuMn 2 As 2 crystal is shown on linear scales in Fig. 12(a) 
The ρ(T ) data plotted on a semilogarithmic scale in Fig. 12(b) are described in the T range 50 K ≤ T ≤ 100 K by
where k B is Boltzmann's constant, as shown by a fit of ρ(T ) data by Eq. (2) with activation energy ∆ = 52.0(2) meV (red curve). An alternative view of the fit on a semilog plot of ρ versus 1000/T is shown as the red straight line in the inset of Fig. 12(b) . The activation energy for EuMn 2 As 2 is of the same order as for BaMn 2 As 2 (∆ = 54 meV) [52] . In view of the activated behavior at low T , we suggest that the metallic-like behavior of ρ(T ) at T > 250 K arises from a competition between the carrier mobility and number density, such that with increasing T the mobility of the carriers decreases faster than the carrier concentration increases. In addition, in Fig. 12 (b) and its inset one sees that the ρ(T ) data exhibit a bump near 142 K (vertical arrows) corresponding to the Mn T N as observed above from the C p (T ) and χ(T ) measurements.
V.
PHYSICAL PROPERTIES OF Eu0.96K0.04Mn2As2
A. Magnetization and Magnetic Susceptibility
The ZFC and FC χ(T ) data for an Eu 0.96 K 0.04 Mn 2 As 2 crystal measured in H = 0.1 T are shown in Fig. 13(a) for T ≤ 40 K. These χ(T ) data reveal well-defined anomalies due to AFM ordering at T N1 = 13.5 K for both H c and H ⊥ c with no thermal hysteresis. In addition Fig. 13(a) with H ⊥ c and the inset with H c exhibit some sort of spin-reorientation transition at T N2 = 9.0 K. The AFM nature of the transition is confirmed by the shift of T N1 towards lower T with increasing H as shown in Figs. 13(b) and 13(c).
The χ(T ) in H = 0.1 T is strongly anisotropic with χ ab > χ c for T > 5.6 K and χ ab < χ c at lower T as seen in Fig. 13(a) . The T dependence of the anisotropy is too strong to arise from the conventional shape-, magneticdipole and single-ion anisotropies [68] . It may arise from c-axis FM correlations that grow with decreasing T faster than predicted by MFT and/or from interactions between the Eu and Mn spin sublattices. Figure 14 shows the χ(T ) for 1.8 K ≤ T ≤ 350 K mea- sured in H = 1.0 T together with χ −1 (T ). The χ −1 (T ) shows two clear anomalies near 150 K and 275 K for both H c and H ⊥ c. These anomalies can also be seen directly in the χ(T ) data plotted on expanded scales in the insets of Figs. 14(a) and 14(b). We assign the 150 K anomaly to AFM ordering of the Mn spins, similar in temperature to T N = 142 K seen above in undoped EuMn 2 As 2 . A more precise value T N = 146 K for the Mn AFM ordering is obtained below from C p (T ) data. The origin of the 275 K anomalies in Fig. 14 Table II . One sees that χ 0 , C and θ p all increase compared to the respective val-ues for EuMn 2 As 2 ; the increases are likely spurious due to the multiple transitions at 150 and 275 K and the resulting small temperature range of the Curie-Weiss fit.
M (H) isotherms for Eu 0.96 K 0.04 Mn 2 As 2 are shown in Fig. 15 . Even at the lowest T = 1.8 K, the M (H) curves for both field directions show negative curvature over the whole H range. This suggests that the AFM structure of the Eu spins is both noncollinear and noncoplanar [66] as also deduced above for EuMn 2 As 2 . Alternatively, the M (H) behavior of the Eu spins might arise from interactions with the ordered Mn sublattice. Furthermore, the M (H) data at 1.8 K in Fig. 15(c) show metamagnetic transitions as more clearly illustated in plots of dM/dH versus H in the inset.
As in the χ(T ) data, the M (H) isotherms show anisotropic behavior as shown for T = 1.8 K in Fig. 15(c) . The saturation magnetization for H ⊥ c and H c at 1.8 K and 5.5 T are µ sat = 6.54 µ B /f.u. and µ sat = 6.67 µ B /f.u. respectively. On a per Eu spin basis, these correspond to µ sat = 6.81 µ B /Eu and 6.95 µ B /Eu, respectively, which are close to the expected µ sat = 7.0 µ B for Eu +2 . The critical fields for saturation of M ab and M c at 1.8 K are H c ≈ 3.5 T and 5.0 T, respectively, indicating that the net anisotropy field seen by the Eu spins is strongest along the c axis.
B. Heat Capacity
The C p (T ) data for Eu 0.96 K 0.04 Mn 2 As 2 are shown in Fig. 16 . Like EuMn 2 As 2 , the low-T C p (T ) data show a λ-type peak at the Eu T N1 = 13.5 K [inset (a) of Fig. 16(a) ] without any anomaly near T N2 . The high-T C p (T ) data show a well-defined anomaly at 146 K without any thermal hysteresis [inset (b) of Fig. 16(a) ] that is assigned to the Mn T N . The latter T N is close to the Mn T N ∼ 150 K seen in χ(T ) in Fig. 14 and is slightly higher than the Mn T N = 142 K determined above for EuMn 2 As 2 from C p (T ) data.
The magnetic contribution C mag (T ) per mole of Eu spins obtained after subtracting the lattice contribution is shown in Fig. 16(b) as C mag (T )/T versus T . While an AFM transition at T N1 is clear from the C mag (T ) data, the presence of dynamic short-range AFM correlations up to 40 K is also evident from the nonzero C mag (T ) at T > T N1 . The MFT prediction for a second-order magnetic transition at T N1 = 13.5 K for S = 7/2 [55] is shown by the red curve in Fig. 16(b) . The S mag (T ) obtained from C mag (T )/T is shown in the inset of Fig. 16(b) . At T = 40 K, S mag is close to R ln(8) expected for Eu +2 with S = 7/2. Due to the large magnetic contribution to C p at low T , it is not possible to extract a γT term associated with the conduction carriers identified from the ρ(T ) data that follow. 
C. Electrical Resistivity
The ab-plane ρ(T ) of Eu 0.96 K 0.04 Mn 2 As 2 is shown in Fig. 17 . The ρ(T ) exhibits metallic behavior and is qualitatively different from that of EuMn 2 As 2 which is semiconducting. The metallic state occurs as a result of hole doping by partially replacing Eu +2 by K +1 . This effect of K substitution is similar to that in BaMn 2 As 2 where a 1.6% K substitution for Ba is sufficient to drive the system metallic [56] . The absolute value of ρ in Fig. 17 is high for a metal which evidently arises from the low doped-hole concentration and/or low hole mobil- ity.
The ρ(T ) in Fig. 17 shows a sharp maximum in slope at ≈ 150 K, close to the Mn T N = 146 K. This strong increase in dρ/dT on approaching T N from above is very unusual. The same behavior is found for Eu 0.93 K 0.07 Mn 2 As 2 in Fig. 22 below. We suggest that this behavior arises from the decrease in spin-disorder scattering of the doped holes off the Eu local moments in the PM state above T N and then a continuing decrease in ρ occurs below T N due to the long-range AFM order. One does not normally observe a decrease in spindisorder scattering in a metal containing local moments with short-range AFM order in the PM state, but it might be observable here because of the high magnitude of the resistivity which makes it more susceptible to such a perturbation.
Like χ(T ) and C mag (T ), the ρ(T ) also shows a clear anomaly near the Eu T N1 = 13.5 K as shown in the inset of Fig. 17 . We suggest that the increase in ρ with decreasing T just above the Eu T N1 arises from the formation of superzone energy pseudogaps in the Brillouin zone due to short-range incommensurate AFM order of the Eu spins [69] [70] [71] . Indeed, AFM superzone gap formation below the AFM T N of the Eu +2 spins-7/2 was recently inferred in the related Eu compound EuPd 2 As 2 with the tetragonal ThCr 2 Si 2 -type structure [30] . The decrease in ρ below T N1 might then arise from a decrease in spin-disorder scattering.
VI.
PHYSICAL PROPERTIES OF Eu0.93K0.07Mn2As2
A. Magnetization and Magnetic Susceptibility
The ZFC and FC χ(T ≤ 40 K) data for an Eu 0.93 K 0.07 Mn 2 As 2 single crystal in H = 0.1 T for H c and H ⊥ c are shown in Fig. 18(a) . For H c the data show a cusp at T N1 = 14.5 K arising from AFM ordering of the Eu +2 spins followed by a sharp minimum at T N2 = 12.5 K and then an increase, eventually tending to a nearly constant value below 6 K [see also Fig. 18(c)] . For H ⊥ c a single peak is seen at T N2 = 12.5 K. This mismatch between the temperatures of the highest transition T N1 = 14.5 K for H c and T N2 = 12.5 K for H ⊥ c obtained in the same field is unusual and is likely a result of the data in Fig. 18(a) not being in the low-field limit. No hysteresis is observed between the ZFC and FC χ for either field direction. From Figs. 18(b) and 18(c), the AFM transitions at T N1 and T N2 become ill-defined for H ≥ 0.5 T and hence we infer that long-range AFM transitions may not occur for H ≥ 0.5 T. C p (T ) measurements versus field are needed to clarify this issue.
The χ(T ) in Fig. 18 (a) is strongly anisotropic with χ ab > χ c for T > 5.9 K, whereas χ ab < χ c for T < 5.9 K. As with Eu 0.97 K 0.03 Mn 2 As 2 above, this T -dependent anisotropy is too strong to be explained by the usual shape, magnetic-dipole and single-ion anisotropies for Heisenberg spins. We infer that FM correlations beyond MFT and/or interactions with the ordered Mn sublattice contribute to the strong anisotropy.
The χ(T ) and χ −1 (T ) data in the T range 1.8 K ≤ T ≤ 350 K measured in H = 1 T are shown in Figs. 19(a) and 19(b) for H ⊥ c and H c, respectively. The high-T χ(T ) (insets) and especially χ −1 (T ) data in Fig. 19 for both field orientations show a strong deviation from the extrapolated modified Curie-Weiss behavior (see below) above ∼ 250 K, undoubtedly due to FM ordering of a trace amount of MnAs impurity below its Curie temperature of 320 K as seen previously in BaMn 2 As 2 crystals [52] . From the data in Fig. 19 we estimate the saturation magnetization for the MnAs impurities to be ≈ 9 G cm 3 /mol = 0.0016 µ B /f.u., which corresponds to 0.046 mol% of MnAs impurities using the saturation moment of ≈ 3.5 µ B /f.u. [72, 73] for MnAs. This very low impurity level is not detectable by XRD.
The fits of the χ −1 (T ) data in Fig. 19 by the modified Curie-Weiss law in Eq. (1) over the temperature range 75 K ≤ T ≤ 225 K are shown by the solid red curves in Fig. 19 and the extrapolations are shown as dashed red curves. The parameters obtained from the fits are listed in Table II . The values of C are close to the value expected for Eu +2 . Contrary to χ −1 (T ) of Eu 0.96 K 0.04 Mn 2 As 2 in Fig. 14 , there is no obvious anomaly in the χ −1 (T ) at ∼ 150 K in Fig. 19 that can be associated with Mn AFM ordering. However, this transition does appear at 150 K in the C p (T ) and ρ(T ) data below. value expected for Eu +2 . The isotherms at 1.8 K are shown separately in 20(c).
Here one can identify structures in the M (H) isotherms that are more clearly seen at low field in the left inset and in dM/dH versus H in the right inset, suggesting metamagnetic transitions. For H c, one see a very fast decrease in dM/dH with H, suggesting a possible small FM component to the ordering. Then a bump occurs in dM c /dH at ∼ 3.5 T associated with the saturation behavior of M c . For H ⊥ c, the data show a sharp peak at about 0.5 T that is not reflected in the H c data, suggesting a different type of metamagnetic transition than at ∼ 3.5 T in M c (H). Thus the H dependence of the AFM structure is complex and anisotropic. The ordered Mn moments are likely involved in the field dependences of the magnetization at low T .
B. Heat Capacity
The C p (T ) data for an Eu 0.93 K 0.07 Mn 2 As 2 crystal are shown in Fig. 21(a) . For this material two well-defined anomalies in C p (T ) occur at T N1 = 14.5 K and T N2 = 11.9 K that are related to Eu-moment ordering, as shown in the inset of Fig. 21(a) , which are consistent with the transitions T N1 and T N2 seen in χ(T ) above. The observation of two anomalies in the C p (T ) of Eu 0.93 K 0.07 Mn 2 As 2 is an interesting effect of increasing the K concentration. The C p (T ) of Eu 0.96 K 0.04 Mn 2 As 2 and EuMn 2 As 2 showed only one anomaly at 13.5 K and 15.0 K, respectively, although they both show two anomalies in the χ(T ) data. This difference suggests a change in magnetic structure brought about by increasing the K concentration to 7% doping.
The C mag (T ) per mole of Eu spins shown as C mag (T )/T versus T in Fig. 21(b) were derived as previously and exhibit short-range AFM correlations above T N1 . The MFT prediction for T N1 = 14.5 K and S = 7/2 [55] is shown in Fig. 21(b) . The S mag (T ) per mole of Eu spins derived from C mag (T ) is shown in the inset of Fig. 21(b) , where the high-T limit is close to R ln 8 as expected for S = 7/2.
At high T the C p (T ) data in Fig. 21(a) show a clear cusp at 150 K that is slightly higher in temperature than T N = 146 K in Eu 0.96 K 0.04 Mn 2 As 2 and 142 K in EuMn 2 As 2 and thus show a systematic increase in the Mn T N with increasing K concentration.
C. Electrical Resistivity
The ab-plane ρ(T ) of an Eu 0.93 K 0.07 Mn 2 As 2 crystal is shown in Fig. 22 . The overall behavior of ρ(T ) is similar to that of Eu 0.96 K 0.04 Mn 2 As 2 in Fig. 17 and magnitude of ρ exhibited by Eu 0.96 K 0.04 Mn 2 As 2 . There is almost no thermal hysteresis in the data as shown in Fig. 22 . A double peak in ρ(T ) is observed at T N1 = 14.5 K and T N2 = 11.5 K as shown in the inset of Fig. 22 . The appearance of these two peaks may be associated with the formation of superzone gaps as inferred for Eu 0.96 K 0.04 Mn 2 As 2 . However, compared to Eu 0.96 K 0.04 Mn 2 As 2 , we see two transitions in the low-T ρ(T ) data for Eu 0.93 K 0.07 Mn 2 As 2 compared to one in former compound. This suggests a possible change in the AFM structure of the Eu moments at the higher K con- centration.
VII. SUMMARY AND DISCUSSION

A. EuMn2As2 and Related Compounds
We have presented the results of a comprehensive study of the physical properties of Eu 1−x K x Mn 2 As 2 (x = 0, 0.04, 0.07) single crystals based on χ(T ), M (H), C p (T ) and ρ(T ) measurements.
For undoped EuMn 2 As 2 , the ρ(T ) data indicate a small band-gap semiconducting behavior (activation energy ≈ 52 meV) with an insulating ground state. The χ(T ) and C p (T ) data together reveal long-range AFM ordering of Eu +2 moments with S = 7/2 below T N1 = 15.0 K with a spin reorientation transition at T N2 = 5.0 K. The ordered moment of 7 µ B /Eu observed from the M (H) isotherms agrees with the calculated saturation moment µ sat = gSµ B /Eu with S = 7/2 and g = 2. This spin value is also consistent with the magnetic entropy S mag (T = 50 K) derived from C mag (T ). The χ(T ) and M (H) data suggest that the AFM structure of the Eu spins is a noncollinear, noncoplanar structure. AFM ordering of the Mn spins in EuMn 2 As 2 is inferred from the high-T χ(T ) and C p (T ) data which indicate that the Mn Néel temperature is T N = 142 K. Although our measurements yield no information on the AFM structure of the Mn spins below their T N , we note that the Mn spins in the very similar SrMn 2 As 2 compound have a collinear AFM structure with the easy axis aligned within the ab plane [50] . We see no clear evidence from M (H) isotherms between 2 and 20 K of metamagnetic transitions in EuMn 2 As 2 in fields up to 14 T.
Some representative crystallographic and magnetic ordering data for AM 2 X 2 compounds with the trigonal CaAl 2 Si 2 -type structure are given in Table III [80] . The spin-wave spectra were all modeled in terms of the J 1 -J 2 -J c model, where J 1 and J 2 are the nearest-and next-nearestneighbor exchange interactions within the Mn ab-plane square-lattice layer in BaMn 2 As 2 or within the ab-plane corrugated Mn honeycomb lattice layer in CaMn 2 Sb 2 and J c is the nearest-neighbor interaction along the c axis of the respective layers. Here the Heisenberg exchange interaction between a distinct pair of spins is written J ij S i · S j . These exchange interactions are listed in Table IV along with the number z j of respective neighbors j of a given spin i.
Within MFT, T N and the Weiss temperature θ p in the Curie-Weiss law for a system containing identical crystallographically-equivalent spins are given by [66, 81] 
where the sums are over neighbors j of a given spin i that interact with spin i with Heisenberg exchange constant J ij and φ ji is the angle between ordered moments µ j and µ i in the AFM-ordered state. Positive interactions J 1 , J 2 and J c are AFM, negative ones are FM, and the angles are φ ji = π for J 1 and J c and 0 for J 2 for both AFM structures discussed here. The values of T N and θ p predicted by Eqs. (3) are given in Table IV (see also [82] ). The T N predicted by MFT from the exchange constants is seen to overestimate the measured T N by roughly a factor of two for the three compounds. On the other hand, classical Monte Carlo simulations of T N using the exchange constants in Table IV for BaMn 2 As 2 predicted a T N in close agreement with the observed value [55] . This implies that classical thermal fluctuations associated with the quasi-low dimensionality of the spin lattice and bond frustration associated with J 2 are responsible for the suppresion of T N from the MFT value in all three compounds. A different interpretation for the suppression of the observed T N in CaMn 2 Sb 2 from its MFT T N value (but see Ref. 82 ) is given in Ref. 80 , where the authors infer that the suppression is due to classical fluctuations of the system between the observed collinear Néel AFM structure and two competing noncollinear ("spiral") AFM structures.
B. Eu1−xKxMn2As2, x = 0.04 and 0.07
We find that a 4% substitution of K for Eu in Eu 0.96 K 0.04 Mn 2 As 2 is sufficient to change the ground state of EuMn 2 As 2 from insulating to metallic as revealed from ρ(T ) measurements. This insulator-to-metal transition occurs due to doping of itinerant holes into the system arising from the partial substitution of Eu +2 by K +1 . A similar insulator to metal transition arises from a small 1.6% substitution of K for Ba in tetragonal BaMn 2 As 2 [56] . BaMn 2 As 2 is a so-called Mott-Hund insulator [83] , and K-doping that compound leads at small concentrations to a weakly-correlated metallic Fermi liquid of doped holes with a Fermi surface [56, 83, 84] .
We also see evidence for a change in magnetic structure of the Eu moments in Eu 0.96 K 0.04 Mn 2 As 2 from that in undoped EuMn 2 As 2 . The low-T χ(T ) exhibits AFM ordering of Eu +2 moments below T N1 = 13.5 K and a spin reorientation at T N2 = 9.0 K. The high-T χ(T ) exhibits an anomaly at ∼ 150 K that we interpret as the Mn AFM transition temperature. The high-T C p (T ) confirms the Mn T N = 146 K. The χ −1 (T ) data also suggest a transition at 275 K of unknown origin. Like EuMn 2 As 2 , the low-T C p (T ) of Eu 0.96 K 0.04 Mn 2 As 2 shows a single anomaly at T N1 (no anomaly at T N2 ) related to AFM ordering of Eu +2 . With the higher K concentration in Eu 0.93 K 0.07 Mn 2 As 2 we see further changes in the physical properties. The anisotropy at low T between χ ab and χ c cannot be explained by the conventional shape, magnetic-dipole and single-ion anisotropies. The low-T χ(T ) of Eu 0.93 K 0.07 Mn 2 As 2 shows two transition temperatures at T N1 = 14.5 K and T N2 = 12.5 K. The high-T χ(T ) anomaly at the Mn T N which appears as a result of 4% K-substitution in EuMn 2 As 2 disappears at 7% K concentration. On the other hand, both C p (T ) and ρ(T ) of Eu 0.93 K 0.07 Mn 2 As 2 show clear anomalies near 150 K similar to the case of Eu 0.96 K 0.04 Mn 2 As 2 that are ascribed to AFM ordering of the Mn spins. Both C p (T ) and ρ(T ) of Eu 0.93 K 0.07 Mn 2 As 2 exhibit two well-defined anomalies related to AFM ordering of Eu +2 whereas only one anomaly is seen for x = 0 and 0.04. Further investigations are required to understand the complex magnetic structures of Eu 1−x K x Mn 2 As 2 (x = 0, 0.04 and 0.07).
Perhaps the most interesting feature of both Eu 0.96 K 0.04 Mn 2 As 2 and Eu 0.93 K 0.07 Mn 2 As 2 is an anomalous T dependence of ρ. Both compounds show a strongly S-shaped metallic behavior of ρ(T ) where dρ/dT > 0 for T > 50 K, but where an inflection point occurs at the Mn T N of 146 K and 150 K, respectively. Thus upon cooling, ρ exhibits a strong downturn below ∼ 200 K, reaches maximum positive slope at the Mn T N , and then continues to decrease but more slowly below T N . Normally, one only sees such effects below magnetic ordering temperatures. Here, the resistivity seems to be probing the dynamic short-range AFM order of the Mn spins above their T N where there is no static ordered moment. Perhaps the reason it can be observed is the large magnitude of ρ in these doped compounds.
